Abstract-The large currents in the Cable-In-Conduit Conductors (CICC) destined for the high field magnets in the International Thermonuclear Experimental Reactor (ITER), cause huge transverse forces on the strands compressing the cable against one side of the conduit. This load causes transverse compressive strain in the strands at the crossovers contacts. Moreover, the strands are also subjected to bending and contact surfaces micro-sliding, which results into friction and anomalous contact resistance versus force behavior.
I. INTRODUCTION
T HE multi-strand cables for the ITER CICC design consist out of more than 1000 strands with a strand diameter of about 0.8 mm [1] . The conductors have a void fraction of 36% and are cabled by twisting in several stages. During magnet operation the conductors are carrying more than 50 kA in a magnetic field exceeding 13 T and are subjected to heavy transverse loading due to the large Lorentz forces in the coils. The deformation of the cable against the conduit goes along with mechanical, electromagnetic and thermohydraulic effects. The impact of the Lorentz forces on a conductor equivalent to ITER magnet operating conditions is simulated in the press [2] . A variable transverse (cyclic) force of about the CS conductor peak load (650 kN/m) is transmitted directly to a cable section of 400 mm length at 4.2 K. The evolution of the magnetization (coupling loss time constant, ) and the interstrand contact resistance, , between various strands and strand bundles inside the cable is traced along its loading history, starting at virgin condition. Knowledge of the evolution of the is essential for evaluation (R ) versus cycling between zero and 220 kN/m peak load for a full-size prototype NbTi conductor with Ni plated strands [8] .
of the coupling current loss, the stability, the ability of current redistribution and the cable axial voltage-current trace in combination with the nonuniformity of the joints [3] . In previous experiments with the press, two CSMC conductors (CS1 and CS2) and a TFMC (Toroidal Field) conductor, all containing Nb Sn strands, were tested up to 40 cycles [4] - [7] . It was observed that declines and increases substantially with the number of cycles and it seemed that after roughly 40 cycles a saturation in was reached. Later on, the press was modified for fully automatic cycling and after observing the expected initial increase in during the first hundred cycles, we found a significant decrease of the with continued cycling for NbTi conductors with various strand coatings including Cr [8] . An example is shown in Fig. 1 for a full-size NbTi prototype conductor with Ni plated strands. The reduces with cycling to a level below that of the virgin state. Thus, it could not be excluded that also for Nb Sn conductors the could reduce again substantially after a significant number of loading cycles. This is now examined for an ITER CS1 conductor up to 40 000 cycles and the results are presented here.
In addition, a first order estimation is made of the deformation of the strands in the cable based on the press results and some comments regarding the likely impact on the conductor performance.
II. CONDUCTOR SAMPLE
The CS1 ITER Nb Sn CICC conductor [4] is precisely cut at one end by spark erosion. At the other end, the conduit is removed leaving a jacketed section of 400 mm. Strands and strand bundles are selected from the bare cable section for resistance measurements. The conductor is first fully prepared before Then it is tested in initial condition and accordingly subjected to cyclic loading. For the previously tested N Sn conductors it was not feasible at that time to keep the full virgin condition when inserting the conductor into the press after removing the clamps used during the heat treatment. Moreover, it was possible for the cable to expand due to relaxation of the strand bundles during cycling to more than the original void fraction.
To achieve a more representative test of the conductor the jacket relaxation is limited only in expansive direction with five bolts on each side of the conductor, just beside the cable (see Fig. 2 ). The cable can be compressed freely, but in opposite direction the void fraction is limited to the original value. This is further indicated as "LVF" (limited void fraction). The previous Nb Sn conductors were tested without limitation of the cable expansion and the relaxation during unloading was entirely free.
The AC loss of the conductor in the press is monitored by a magnetization pick-up coil method [2] The between pairs of sub-cables or strands is measured according to the method described in [5] .
For measurement of the mechanical loss, the compression hysteresis loop is established as a function of the load for a full cycle. The total mechanical loss dissipated in one complete loading cycle is described by the integration of , in which is the transversal force and is the transversal displacement. The overall elastic modulus in transversal direction can be written as where is the cable diameter and is the average cable cross section. For the stiffness of the cable at a certain level of stress, we can define the dynamic elastic modulus as , where is the transversal stress and is the transversal strain.
III. AC LOSS AND RESULTS

A. AC Loss Measurements
The AC loss and are determined with a DC background field, , of 350 mT. The coupling loss time constant of the CS1 conductor in the virgin state is 206 ms. After the first cycle with a peak load of 450 kN/m, the has decreased significantly to 80 ms (no load) and 100 ms (450 kN/m). It appears that a constant level of coupling loss (83 ms) under load is reached already after a few cycles. The with released load gradually decreases to 20 ms after 40 000 cycles (Fig. 3) . The loss versus frequency behaves typically nonlinear below 0.1 Hz but becomes rather linear at higher frequencies (Fig. 4) . 
B. Contact Resistance Measurements
The results of the inter-strand (IS) and inter-bundle (IB) 's versus the number of loading cycles from the virgin state to 40 000 cycles are presented in Fig. 5 (full load) and Table I . The is defined as , in which is the voltage, is the current and is the length of the cable in the conduit. The maximum in , under full load turns up already between 10 and 100 cycles for the first triplet cabling stage , just as it was found for the CS1, CS2 and TFMC Nb Sn Model Coil CICC's tested without the LVF-method [4] - [7] . The increase is at about a factor 5 (triplet ) compared to the virgin level, which actually is the minimum value. The narrow spikes are caused by switching from a 450 kN/m peak load to 650 kN/m. Beyond the maximum, the gradually decreases but not more than 10% after 40 000 cycles. The dependency of the triplet on the applied load at successive stages of the loading history is depicted in Fig. 6 . The IB of the petal is much larger in virgin state than after cycling, while for the IS the behavior is opposite. The IS increases due to disengagement of the strand to strand contacts, formed during the heat treatment, while the IB evolution is controlled by the petal wraps.
IV. COMPARISON WITH OTHER PRESS RESULTS
The low coupling loss results, previously obtained with the press, were clearly associated with the relatively high void fraction of the sample [8] . The recent tests with the press prove that the void fraction plays an important role in the potential decrease of coupling loss with cyclic loading of Nb Sn Cr plated (and NbTi [8] ) CICC's. A void fraction of more than 36% in combination with a transverse load of 650 kN/m, gives a very low level of coupling loss, approaching that of solely intra strand loss. For a void fraction of 36% the coupling loss remains on a level of 83 ms, after the initial reduction and does not change significantly anymore with cycling. This is represented in Fig. 7 . Here the from the CS2 and CS1 with higher void fraction, is one order of magnitude above that of the CS1 with the LVF method. The NbTi conductor having the same conductor layout and no LVF method, but obviously without a reaction heat treatment, reaches even much higher levels of and the reduction spans three orders of magnitude. 
V. TRANSVERSE STRESS-STRAIN LOADING RESULTS
The transverse loading leads to elastic and plastic deformation of the cable bundle inside the conduit. Fig. 8 shows the curves after various numbers of cycling at both applied peak loads. Already after the first cycle the deflection of the cable bundle is about 700 on a diameter of 38 mm. The total compression of the bundle goes up to 1.1 mm with a plastic component of less than about 50%. This is in good agreement with the dimensions of the cross section measured after the experiment as depicted in Fig. 9 . The oval shape of the cable bundle is clearly visible when compared with the circular contour of the conduit inner wall. The measured cable width is 37.8 mm, which corresponds to the original diameter, while the height after deformation amounts to 37.2 mm. A plastic compression is left of 0.6 mm. The mechanical loss per cycle is 160 J/m during the initial cycle, but then immediately stabilizes to at about 15 J/m for continued cycling.
The overall elastic modulus versus the applied force is plotted in Fig. 10 . The of the CS1 type of conductor has a level of nearly 2 GPa at a load of 650 kN/m. In Fig. 11 , it is shown that the of the CS1 conductor gradually reaches a level of 30 GPa up to a load of 450 kN/m and then seems to increase up to the modulus of Nb Sn strand material . 
VI. STRAND DEFORMATION AND REDUCTION
In Fig. 12 , the reduced versus the bending (and pinching) amplitude is plotted for a PIT type of Nb Sn strand, recently tested in the novel apparatus TARSIS [12] . The wave-pattern imposed by the TARSIS probe is in fact a periodic case of a point load with clamped ends, shown in the left part of Fig. 13 . The load simulates the transferred accumulated magnetic load between crossing strands in a CICC. This accumulated load exceeds by far the purely distributed bending load caused by only the current in one strand (shown in right part of Fig. 3) . In a typical CICC exposed to a magnetic field of 12 T, a current of 43 A per strand and a wavelength of 5 mm [14] , the distributed bending load is 2.6 N [12], [13] . This would result in a deflection of only 0.3 and an applied peak strain of 0.014% for a Young's modulus of 150 GPa. This re- veals that the reduction in performance by only EM distributed load is quite moderate. However, the locally occurring accumulated peak load in an ITER conductor is 90 N, assuming that the number of strand layers is . If fully transformed into bending, this would lead to a deflection of 18 and an additional strain of 0.7% (elastic model and ). In reality, the yielding of the copper matrix even causes an enhanced deflection. If the stress is concentrated on strand crossings, levels of 100 MPa can be easily reached (see Fig. 11 ) [12] .
This induces strain levels that will affect the in Nb Sn filaments when no further constraints are present in the cable limiting such displacements and deformations. This accumulated peak load and deflection are considered to represent the extremes in the scattered spectrum of transferred loads. A fraction of the strand volume is subjected to this severe load occurring in the low self-field area of the cable cross section. This restrains partly the impact on the reduction in performance.
The reduction in cable transport performance due to transverse load is likely less severe then observed in the recent TARSIS experiments [12] , [13] . There is an important influence of the thermal cool-down (axial) pre-compression, caused by the (stainless steel or) incoloy conduit. In the TARSIS experiment there was no additional axial pre-compression. In Fig. 14 , the of a Nb Sn strand from an experimental production is plotted against varying uni-axial strain. Accordingly, the tensile strain was increased toward a level certainly causing filament breakage and irreversible degradation. Then the was measured again for high compressive strain levels. At moderate levels of strain (and in tensile regime) the reduction in is at the same level as measured in TARSIS for a deflection of 20 (see Fig. 12 ). With applying a more compressive axial strain on the strand, the reduction in becomes less severe (Fig. 15) . The -value on the other hand remains rather low and the recovery is less remarkable. 
VII. STRAND DEFORMATION IN CABLES
It is clear that at present we have no accurate quantitative measure for the actual deformations as they appear in the ITER CICC's and we are not able yet to really distinguish between the relative impact of bending, pinching of crossovers or line contacts. However, the total compression of the cable under applied transverse load gives a quantitative indication of the local strand deformation [11] , [12] . The overall cable compression of 1.1 mm is transmitted into local strand deformations like strand-to-strand point and line contacts and periodic bending, leading to a reduction of the and -value.
In order to scale the experimental values to an estimated 'bending and pinching' amplitude of the strands, we assume that the press simulates the so-called 'accumulated load' condition [12] , [13] . The total compression of 1.1 mm divided by the square root of the number of strands leads to an approximate deformation amplitude per strand of about 30 . A few pilot experiments were performed at room temperature on reacted PIT wires with a diameter of 0.8 mm and a Cu:nonCu ratio of 0.53. A force of 90 N on two rectangular crossing strands, gave a total compression of 120
. Another experiment with a homogeneously distributed transverse load on a similar reacted PIT wire, pressed between two hard surfaces, gave a deflection of 54 at a load of 18 kN/m. A force of 20 N was required to reach a deflection of 32 . The difference between deflections observed between cable [9] and strand level is partly attributed to the initial deformation of the strands during cabling of the conductor. Strands with a circular cross section, as from the above pilot experiments at room temperature, will yield more at considerably lower stress levels. The press result (30 ) reflects the average strand deformation and at the high load zone, it will be likely more. The pilot experiments for crossings (120 ) and line contacts (54 ) seem therefore consistent and give an indication for the deflection in the accumulated zone.
Although rather subjective, the view on the cable pattern from the CS1 and CS2 conductor in Figs. 16 and 17 suggest that, in particular for the CS2 conductor, the strands are mostly in line contact following the neighboring strands, until the twist pitch forces them to cross. The twist pitch of the first triplet cabling stage from the CS1 conductor amounts to 21 mm, while it is 56 mm for the CS2 conductor. For the CS1 conductor the strand crossings are more frequent. The pinching at crossovers during cabling seems more severe.
Altogether, it seems credible to assume that this first order estimation of peak load and corresponding deflections are not solely linked to bending of the strands but pinching at the crossovers and line contacts also play a significant role. In Fig. 18 , the maximum deflection versus the estimated void fraction of NbTi and Nb Sn ITER type of CICC's after 40 000 cycles with a peak load of 650 kN/m for Nb Sn and 220 kN/m for NbTi is plotted. A reduction in performance seems connected to the deformation amplitude as shown in Fig. 12 and [12] , [13] and so a reduction of the void fraction could moderate the strand deformation due to transverse loading. The curve for the NbTi CICC's gives an indication for the tendency. If this would have been caused by mainly pure bending, lowering the void fraction of the conductor could at least partly reduce the degradation. If the impact of pinching at crossovers and line contacts has the same weight in the degradation as bending, a lower void fraction may be less effective and the tendency toward lower deflection as observed for NbTi cables, may be less pronounced for Nb Sn cables. In order to examine these effects, two Nb Sn conductors with lower void fraction (30 and 33%) shall be tested. 
VIII. COMPARISON WITH MODEL COIL RESULTS
The evolution of the coupling loss of the CS1 conductor in the press is in good agreement with the results obtained during the CSMC test campaign [10] . The inner layer of the CSMC with CS1 type of conductor shows an initial of 280 ms, gradually decreasing to 100 ms after several loading cycles [8] .
The CS Insert with a conductor layout similar to the CS, also subjected to the highest electromagnetic load, was tested for a large number of cycles and showed no further change of the coupling loss from 2,000 to 10 000 cycles . This corresponds quite well to the results obtained in the press, showing a virgin of 206 ms and consequently monotonous level of and after 10 cycles with . The coupling loss is a function of the applied transverse load. In the press we find an of 20 ms without load and 83 ms under load after 40 000 cycles. At lower number of cycles the ratio is less. This is in agreement with the CSMC results [9] , [10] . The nonlinear behavior of the coupling loss versus the field ramp rate, as depicted in Fig. 4 , was also observed in the Model Coils [10] .
The compression of the CS1 sample in the press of 1.1 mm is in very good agreement with the interpretation of the pressure drop found in the Model Coil tests. This pressure drop is explained independently by a gap of 1.3 mm between conduit and cable caused by the Lorentz forces [9] .
The lower and -value as observed in the Model Coil tests can be explained qualitatively by the transverse load effect [1] , [3] . As a first start, the TARSIS results give a qualitative assessment of the reduction in performance. Further work is required in order to investigate the influence on actual ITER strands, as applied in Model Coils. In addition the consequences of the reduction in strand performance must be examined in relation to the cable self field, the influence of the bending wavelength, loading of strand crossings and line contacts. The pre-compression is definitely playing an important role as it seems to restrain the irreversible reduction in .
IX. CONCLUSIONS
There is a good quantitative agreement between the results from the press and those obtained during the Model Coil test campaign concerning the evolution of the coupling loss and mechanical performance.
After the immediate decrease during the first decade of loading cycles, the level of coupling loss remains practical constant up to at least 40 000 cycles with an under load of 80 ms (Model Coils' : 50 to 100 ms).
The compression of the cable gives an estimation of the average strand deformation during electromagnetic loading. The overall cable compression is 1.1 mm and the estimated deflection per strand is about 30
. This average deflection per strand is representative for a peak load of about 20 kN/m on the strands in the accumulated load zone of the ITER CICC's.
It is suggested that, besides bending also the transverse stress at the strand loading points (strand crossings and line contacts in ITER conductors) contribute to a reduction in cable performance.
A lower void fraction seems attractive against strand deformation due to transverse loads but a strong correlation is expected between the allowed decrease of coupling loss with cycling and the void fraction in Nb Sn CICC's.
